Experiments demonstrate a dramatic decrease in polarization-instability threshold as an optical pulse is tuned near the short-wavelength edge of the photonic bandgap formed by a f iber Bragg grating. These enhanced nonlinear interactions and birefringent effects are modeled with coupled-mode numerical simulations. Nonlinearities are shown to increase much more rapidly than the effective birefringence as the pulse wavelength approaches the bandgap edge.  2000 Optical Society of America OCIS codes: 190.4370, 190.5530. Polarization instabilities develop when the nonlinear change in the refractive index grows to be comparable with the linear birefringence.
Polarization instabilities develop when the nonlinear change in the refractive index grows to be comparable with the linear birefringence. 1, 2 One can understand these instabilities by considering a simple single-mode fiber with birefringence
where n x and n y are the indices along the fast and slow polarization axes, respectively. An optical pulse with peak intensity I will induce a nonlinear shift of the fiber index
where n 2 is 2.6 3 10 216 cm 2 ͞W for the silica fibers used in these experiments. For an input polarization aligned near the fast axis, an instability develops when the nonlinear index change becomes comparable with the birefringent index difference. In particular, for a cw signal, the instability threshold intensity is 3 I t 1.5Dn br ͞n 2 .
For intensities above this threshold value, a major portion of the energy is transferred to the slow axis. By contrast, for an input polarization aligned near the slow axis, the polarization orientation is stable and remains aligned along the input axis or shifts slightly toward the slow axis. These effects have been measured in single-mode fiber. 4 Our experiments and numerical simulations explore the polarization instability for wavelengths near the photonic bandgap formed by a fiber Bragg grating. We demonstrate reduced intensity thresholds for the instability for optical pulse wavelengths near the photonic bandgap. As the wavelengths of the incident optical pulse approach the photonic bandgap, the effective nonlinearity and birefringence are strongly modif ied by the grating as it couples the forward-and backwardpropagating waves.
A ref lection spectrum for the 7.7-cm-long grating used in the experiments is shown in Fig. 1 . Included in the 7.7-cm overall length are apodized regions 0.75 cm long at each end that suppress ref lections for wavelengths near the edge of the bandgap. The index modulation is dn͞n ϳ 8 3 10
25 , where dn is the index modulation amplitude corresponding to a bandgap of 0.17 nm, full width at half-maximum. The grating birefringence is Dn br 3.6 3 10 26 , much larger than the bare-fiber birefringence. The grating birefringence is caused by the UV writing process that is used to form the grating. This value of birefringence along with the grating length results in a p͞4 phase difference between the fast and slow axes for our experiments. Note that in Fig. 1 the difference in the gap widths for fast and slow polarization is almost entirely at the long-wavelength side of the bandgap and that the short-wavelength gap edges are nearly identical. This asymmetry in the gap widths and positions for the two polarizations is consistent with the modulation index of the lower index gap (fast x axis) being 3% less than that of the higher index gap (slow y axis), i.e., Fig. 1 . Transmission of the fiber grating for the fast x axis (filled circles) and the slow y axis (filled squares). The difference in the bandgaps is primarily at the longwavelength edge and corresponds to a birefringence of 3.6 3 10
26 . The resolution of these data is limited by the spectral width of the 80-ps pulse (spectrum shown as a dotted curve) used in the experiment, i.e., a spectral resolution of 0.03 nm full width at half-maximum. The schematic inset shows the orientation of the fast and slow axes with respect to the fiber and input optical axes. dn x ͞n x 0.97dn y ͞n y , where dn x and dn y are the modulation amplitudes for the x and y bandgaps, respectively. This asymmetry in modulation is not surprising for a grating writing process that results in birefringence.
The pulsed light source used in these experiments is a Q-switched mode-locked YLF ͑LiYF 4 ͒ laser that produces 80-ps-wide pulses at 1053-nm wavelengths. 5 The center position of the bandgap is tuned with respect to the laser wavelength by strain. We study pulses tuned near the short-wavelength gap edge where Bragg solitons form and nonlinear pulse compression is observed. 5 The frequency components of the optical pulse are primarily outside the photonic bandgap, unlike in recent nonlinear polarization-switching experiments. 6 A fast detector and a sampling oscilloscope resolve the pulse shapes, and an energy meter measures the incident pulse energies. The pulse spectral width, near 0.03 nm, limits the resolution of the data shown in Fig. 1 . However, the small asymmetric birefringent shifts at the long-wavelength gap edge in Fig. 1 are experimentally reproducible. They are in agreement with the values of the birefringence and the birefringent gap asymmetries that were obtained by fitting of the linearly transmitted experimental pulse shapes with numerical simulations as the pulse wavelengths approach the bandgap from above and below.
For the simplest case, when both fast and slow gap widths are equal, the effective birefringence increases near the gap with the decreased group velocity
where v is the velocity of light in the bare fiber and f is the detuning, in units of half-gaps, from the center of the x polarization gap center. This increase in birefringence is simply the result of an increase in the effective interaction length associated with multiple ref lections along the grating. In the linear limit it is straightforward to show that the birefringent enhancement is approximately
where
The parameter M is the mismatch in x and y grating strength relative to the birefringence and accounts for the asymmetry in the gaps. This analytical expression is derived for a single-frequency component of the pulse. It assumes both that the birefringence is much weaker than the index modulation, i.e., Dn br , , dn x , and that the detuning is suff iciently far from the photonic bandgap that the group-velocity dispersion mismatch between polarizations is not too large, f 2 .. ͑1 1 Dn br ͞dn x ͒. Both of these limits apply for the experiments described here. As shown in Fig. 2 (dashed curve) , the enhanced birefringence for the simple M 0 symmetric case increases as 1͞v g . For our experimental grating the linear measurements fit an M value of 0.6. In this case, as shown in Fig. 2  (dashed-dotted curve) , the birefringence actually decreases over a broad region of detunings near the short-wavelength gap edge.
The slowing of the optical pulse as a result of the interaction of forward and backward waves also enhances the nonlinear interaction and dispersion. We showed in previous studies that one can approximate the pulse propagation with a nonlinear Schrödinger equation 5, 7 in which the effective nonlinearity is enhanced by a factor
as shown by the solid curve in Fig. 2 . Note that the nonlinearity is enhanced by a much larger factor than the birefringence when M 0.6. The nonlinearity enhancement is nearly independent of gap asymmetry. Enhancements in the effective nonlinearity result from the decreased group velocity and the manner in which the grating Bloch functions sample the nonlinearity Bloch enhancement.
5,7,8
The large nonlinear enhancements and relatively low birefringent effects near the short-wavelength bandgap make it clear that the polarization instability threshold is expected to be dramatically reduced near the gap, as shown by the dotted ͑M 0͒ and dasheddouble-dotted ͑M 0.6͒ curve in Fig. 2 . For direct comparison with the experiments we must rely on numerical simulations 7 because the spectral components of the pulse evolve in a complex manner as a result of the combined effects of birefringence, dispersion, and nonlinearity. Simulations are also required because, as the pulse wavelengths approach the band edge, the intensities for some spectral components are diminished by ref lection during propagation. Note that for our experiments the apodized grating and near coincidence of the short-wavelength gap edges for the fast and slow axes for M 0.6 result in equal transmission of frequency components along both axes and nearly 100% transmission for wavelengths any shorter than the sharp gap edge. This is an important simplif ication in interpreting our experiments. Experimentally the input pulse's polarization is oriented such that the relative intensities along the fast and slow axes are in the ratio of 10 : 1 in the linear regime for detuning far from the bandgap. Linear propagation is observed for peak pulse intensities (at the fiber grating input face) below 0.5 GW͞cm 2 , where the nonlinear phase shift is much less than 1 rad. Pulse energies are measured with a powermeter directly before a microscope objective that focuses light into the fiber core. The objective and fiber coupling losses attenuate the pulse by a factor of 5. The grating is cleaved such that there is of the order of a millimeter of bare fiber both before and after the grating to minimize effects from the bare fiber. The relative intensity and pulse shapes are measured along the principal axes at the fiber output. The threshold for the polarization instability is arbitrarily taken to be the peak pulse intensity where the fast-to-slow axis pulse energy ratios fall from 10:1 to 3:1. The measured threshold values, as low as 6 GW͞cm 2 , along with the results of numerical simulations, are shown in Fig. 3 as a function of detuning. The agreement between the simulations and experiments is good. No experimental data were taken at large detuning because the pulse intensities required for reaching the threshold in this region approach the fiber-damage threshold. Enhancements in the instability threshold by a factor of ϳ3 are found for our experimental conditions. Note that these results are in close agreement with the estimated threshold decreases for a single-frequency component shown in Fig. 2 . This agreement is expected because of the apodized grating and near equality of the short-wavelength gap edges. The threshold intensities increase for detunings less than f 1.2 because ref lections from the grating decrease the pulse intensity inside the grating. Simulations show that narrower pulse spectra obtained for longer pulses result in much larger enhancements, as the narrower pulse spectrum permits tuning closer to the gap.
The pulse shapes for intensities above the threshold show oscillations in pulse energy and intensity during the pulse as energy is exchanged between the fast and slow axes, as shown in the inset of Fig. 3 . Roughly half of the pulse energy is transferred to the slow axis before these oscillations begin. As the input angle is increased in the direction away from the fast axis, the nonlinear conversion of energy toward the slow axis continues. For pulses within 10 ± of the slow axis the nonlinear effect is still a rotation of the polarization toward the slow axis, leading to a stabilizing effect. There are complex changes in the polarization ellipse orientation and ellipticity during each pulse in both the linear and the nonlinear cases. A more comprehensive measurement of the Stokes vector evolution during each pulse is in progress. At the longwavelength edge of the grating the birefringent asymmetry results in an increase in birefringence. Nonlinear phase shifts along with normal dispersion at the long-wavelength edge lead to nonlinear pulse broadening, resulting in lower pulse intensities. 8 Both of these long-wavelength edge phenomena result in an increase in the threshold for polarization instability at the long-wavelength bandgap edge.
In summary, we have presented experiments and numerical simulations that demonstrate a dramatic decrease in the threshold for polarization instability near the short-wavelength edge of a fiber grating bandgap. The decrease in threshold is as much as a factor of 3 less than in the bare-fiber case for our experimental parameters. By adjusting the relative pulse width, the grating birefringence, and the grating length, one can obtain low polarization instability threshold values. The grating length should optimally be near one full beat length. It is not optimized in our experiments. In reducing the birefringence to obtain lower thresholds one must correspondingly increase the grating length. These effects could be of benef it for lowpower all-optical switching applications.
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